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論 文 内 容 要 旨
     So far,  electronic packages and modules u ed for such as mobile phones and PCs have been miniaturized continuously 
and their functions have been improved drastically. Three dimensionally stacked  structures such as multi-chip modules and 
multi-chip packages are indispensable for these products in  order to  increase the assembly  density. Both system inpackage 
(SiP) and chip on chip  (CoC) structures that consist ofplural chips have been already used in actual products. For example, the 
multi chip structure called  SMAFTI (Smart Chip Connection with Feed  Through Interposer) and MCL (Multi Chip  LSI) that 
are composed of the combination of a logic LSI chip and one or plural memory chips are used for an image processing devices 
in ubiquitous products. In addition, the method ofthe interconnection between a LSI chip and a substrate or another chip has 
been changed from a  wire-bonding  structure (WB) to a flip-chip structure (FC) for  maximizing the interconnection  density. 
The flip-chip technology using an  area-anayed sol er bumps has been already employed in the MCL mentioned above. Since 
the total thickness of the stacked  structure is strictly imited for mobile application, in particular, each chip has been thinned to
less than 50 to minimize the total thickness of the modules or packages. 
    These flip-chip  structures as embled using  area-anayed tiny metallic bumps such as Cu and solder are surrounded by 
insulating material  (underfill) such as epoxy or plastic for assuring the reliability ofthe joint between a LSI chip and a 
substrate or another chip. Since there is the mismatch in the material properties such as the coefficient of elasticity and the 
thermal expansion coefficient between metallic bumps and underfill, the  periodic stress  distribution appears near the interface 
between the chip and the joint layer. The local deformation of the chip caused by thermal stress i increased  drastically when 
the thickness of each chip in the structures is thinned toless than 100  1.1,m because the bending modulus of the chip decreases 
with the cubic of the thickness. The local residual stress also varies depending on the relative position ofbumps in an upper 
joint layer and a bottom joint layer because of the change ofthe local  stiffness of the  structure.  In addition, the average r sidual 
 stress inthe  stacked chip  shills depending onthe distance from the bending neutral xis of the stacked  structure. Such a
localized high stress or strain may give rise to fracture such as delamination r cracking of materials. Since high stress and 
strain deform the crystallographic structure ofthe materials, the electronic functions and reliability of the chips may deteriorate 
due to the change of band gap of semiconductor or dielectric materials. For example, the transconductance (Gm) of  the PMOS 
transistor decreases byabout 18% per 100 MPa when a compressive stress is applied perpendicularly to the channel of a 
PMOS transistor. Therefore, it is very important tocontrol the residual stress in stacked LSI chips for assuring the electronic 
reliability of modules and packages. 
      In this  paper,theresidual stress distribution in the LSI chips tacked by flip-chip technology with an area-arrayed 
metallic bumps is analyzed by a finite element method.  Then, the dominant s ructural f ctors that determine the residual  stress 
are explicated topropose the optimum stacked structures for  mining the residual stress. Three main mechanisms that 
determine the residual stress in stacked chips mounted using a flip chip technology were clarified quantitatively. In addition, the 
estimated local stress  distribution in the stacked chips was proved quantitatively by the experiment using stress ensing chips 
with  21.im long strain gauges consisted ofsingle-crystalline Si. In addition, the change of electronic functions of NMOS and 
PMOS transistors and MOS capacitors caused by mechanical stress is validated  experimentally by applying a four-point 
bending method. Finally, one optimum synchronous bump alignment s ructure in which the average stress and maximum 
amplitude of the residual stress of the stacked chips are less than 50 MPa was proposed by optimizing the bump radius, the 
bump itch and the substrate material. 
      In Chapter 2, the residual stress distribution in a chip mounted on a substrate by flip-chip technology was analyzed 
by a finite element method and the dominant s ructural f ctors that determine the residual stress  distribution were investigated 
quantitatively. Themaximum normal stress on a transistor f rmation side of a chip shifted from tensile stress of about 100 MPa 
to compressive stress of about 200 MPa by changing the assembly  structure from a wire bonding structure toa flip chip 
bonding structure. In addition to the shift of the average stress, a periodic  distribution with the amplitude ofabout 90 MPa 
appeared due to the periodic alignment ofthe metallic bumps. Such a  change of the residual stress in an LSI chip causes a shift 
of electronic functions of semiconductor devices in a local area of the chip. Based on the result of sensitivity analysis, the 
dominant  s ructural factors that determine the  distribution f the residual stress were found to be the thickness ofa chip, the 
width of a bump, the bump pitch, the thermal expansion  coefficient of  underfill material nd the substrate material. The 
calculated sensitivity of these factors were about -3.0  MPa/µm (thickness of a chip), about  -12  MPa/µm (width of a bump) and 
about  72.5114Pa/Width of an  underfill area normalized bya width of a bump (bump itch). 
       In Chapter 3, the residual stress  distribution i  a two-chip stacked structure mounted by  area-arrayed flip-chip 
bonding was analyzed quantitatively by a finite element analysis. As a result, the average r sidual  stress in the stacked two 
chips differed with each other drastically due to the difference of the distance from a bending neutral axis of the stacked 
structure. The amplitude of local periodic residual stress also varied significantly depending onthe relative position of  bumps
between an upper interconnection layer and a lower interconnection layer. Therefore, it is  very important tooptimize the 
thickness ofa chip, the position (alignment) of bumps, and other dominant s ructural  f ctors to  minimize not only the average 
residual stress but also the amplitude ofthe periodic  distnbution. 
    It was found that here are three main mechanisms that  determine the residual stress  distribution in stacked  plural chips 
mounted using the  area-arrayed flipchip bonding. The first one is the local distribution f the  stiffness ofa stacked chip with 
both the upper and lower interconnection layers. The second one is the local  thermal deformation f a chip caused by the 
mismatch inthe coefficient of thermal expansion between bump material nd  underfill. The third one is the  distribution f the 
local bimetal structure, in other words, the  difference of local thermal deformation caused by the chip/bump stacked structure 
and that by the  chip/underfill stacked structure. The final residual stress  distribution in the stacked chips is determined mainly 
by these three mechanisms. 
       In Chapter 4, the estimated local stress  distribution was measured quantitatively using stress-sensing chips to 
validate he local residual stress distribution a d the mechanisms that determine the residual stress distribution in chips tacked 
by the area-arrayed flipchip bonding. The length of a  strain gauge was designed to be 2  pm to measure the distribution f 
residual stress in the  stacked chips locally. 1420 gauges were embedded in a sensor chip. The width of the gauge was 0.5  pm. 
The stress ensitivity of the 2-pm long strain gages was about -1.2  DJMPa. The estimated stress distribution i one-chip 
stacked  structure was measured using the stress ensor chips. A local stress distribution appeared at the surface of the sensor 
chip mounted on a substrate using an  are-arrayed bump  structure. The amplitude of the thermal residual stress was about 250 
MPa as was expected by a finite element analysis. The local thermal stress distribution in each chip in a two-chip stacked 
 structure was also measured byapplying the stress sensor chip  with 2-pm long and 0.5-pm wide. In addition, the change of the 
stress  distribution f each chip in the two-chip stacked structure caused by the relative position of bumps was also validated by 
using the stress-sensing chips. The measured amplitude ofthe residual stress in a top chip was about 220 MPa, and that in the 
bottom chip was about 80 MPa. This  difference was because that he local deformation f the bottom chip is restricted strictly 
by bumps in the upper and the lower interconnection layers. Based on these results, it was confirmed that the estimated 
dominant mechanisms that determine the residual stress distribution in stacked plural chips mounted by the  area-anayed  flip 
chip bonding are effective and useful for the structural design of the sacked structures. 
      In Chapter 5, the changes of the electronic  performance of NMOSFETs, PMOSFETs and MOS capacitors due to 
mechanical stress were clarified quantitatively by applying a four-point bending method. The change of the  transconductance 
(Gm) of NMOSFETs and PMOSFETs was increased by decreasing the gate length. The transconductance (Gm) of 
NMOSFETs was changed by from about 1%/100-MPa toabout  15%/100-MPa depending onthe length of the gate electrode 
of the transistors. The  transconductance  (Gm)of PMOSFETs was also changed by from about  2%/100-MPa toabout 7%/100 
depending onthe gate length In addition, the relative permittivity  of Hf02 was changed by about  4%/1%-strain because ofthe
change of its band gap under  strain. Thus, the stress ensitivity of these electronic performances and the reliability of these 
element devices hould be evaluated before the structural design and the allowable limit of stress hould be determined for 
 assuring the reliability of products. Therefore, it is very important to optimize the residual stress in the stacked structure. 
      In Chapter 6, the  optimum synchronous bump alignment structure was proposed for minimizingthe residual stress 
in chips and thus, minimizing the change of electronic performance of devices. The thickness of the chips was fixed at 50  1..un 
in this structural design. The optimum synchronous bump alignment structure was defined as follows: the substrate  material is 
Si, the radius of bumps is 50 and the bump pitch is 100 p.m. Both the average stress and the amplitude of the periodic 
residual stress  distribution in each stacked chip were decreased to less than 50 MPa and the difference of the residual stress 
between the stacked two chips was  minimized to almost 0 MPa. On the other  band, the estimated maximum amplitude of the 
residual stress increased to about 450 MPa without his optimization. 
      Finally, it is conclude that the control of the residual stress in a silicon chip mounted on a  substrate by  area-anayed 
flip chip bonding is very important to assure the stable and reliable operation of electronic products.  It is possible to design the 
optimum structure by applying the proposed stress estimation method based on the consideration of the local thermal stress 
 caused  by the local mismatches in both  elasticity and coefficient of thermal expansion of the stacked structures.
論文審査結果の要旨
21世紀の高度情報通信化社会の維持発展 には,高速大容量信号処理あるいは信号伝送を実現する三
次元実装 システムLSIの 開発が不可欠となっている。この三次元実装システムでは,積 層されるLSI
チップの厚 さは数10pmまで薄型化 されるとともに,積層されるLSIチップ問が数百から数万個の微細
な金属バ ンプで接続され るため,LSIチップがこの金属バンプと周囲を覆 う絶縁性樹脂 との熱変形差 に
よ り局所的に変形することは避けられず,バ ンプ周期に依存 して急峻な応力分布(勾 配)が 発生するこ
とが懸念される。そこで本論文は,品 質工学の概念を応用 した有限要素法解析 を行い,三次元積層され
るLSIチップの局所熱応 力の主要構造因子を解明 し,熱応力予測式を提案 した ものである。また,三次
元実装構造内部の応力分布を詳細に測定す る小型 ・高感度ひずみセンサを開発するとともに三次元実装
構造 を試作 し,有限要素法解析で予測 した応力の発生メカニズムを定量的に実証 して いる。さらに次世
代超LSIの基本要素 となるMOSト ランジスタ と高誘電率薄膜を用いたコンデ ンサの電気特性が応力の
作用で著 しく変動することも示している。最後に以上で解明した応 力発生メカニズムとデバイス特性の
応力変動感度測定結果 に基づき,機械的信頼性の高い三次元実装構造の設計指針を提案 した ものである。
本論文は,こ れ らの研究成果をまとめたものであ り,全編7章 か らなる。
第1章 は緒論であり,本研究の背景,目 的および構成を述べている。
第2章 では,微細金属バンプ上に搭載したL,SIチップに発生する局所残留応 力分布の構造支配因子を
品質工学 の概念を適用 した有限要素法解析で定量的に解明 し,応力分布の予測式を提案 している。特に
わずかな実装構造寸法の変化で残留応力が数100MPaも変動して しまうことを示している。 これは工
学応用上重要な知見である。
第3章 では,実験計画法を応用 した三次元弾塑性解析 を行い,微細バンプで積層されたLSIチップの
局所熱残留応力支配因子がLSIチップ厚 さ,バ ンプピッチ,バ ンプ直径,基 板材質であること,積層さ
れたチップ間で各応力支配因子の重み係数が著 しく異なること,を明 らかにしている。以上の知見 に基
づき積層された各チ ップ内応力の予測式を提案 している。 これらは実用上極めて重要な知見である。
第4章 では,Siの ピエゾ抵抗効果を応用し,チップ内の応力分布を空間分解能2pmで測定できるひ
ずみセ ンサ を1420個搭載 したひずみ測定チ ップを開発 し,三次元実装システム内部の応力分布 を詳細
に測定することで,前章 までに解明した三次元実装システム内のLSIチップ内熱残留応力発生メカニズ
ムと提案 した応力予測式の妥当性,実 用性を実証 している。これ らは工学上極めて有効な知見である。
第5章 では,次世代LSIの主要要素デバイスであるナノスケール トランジスタと高誘電率薄膜を使用
した コンデ ンサ電気特性の応 力依存性を4点 曲げ試験法を応用して定量的に明 らかに し,これ らデバイ
スの特性変動感度が今後さらに増加する危険性があることを実証するとともに,その変動メカニズムを
解析的にも明 らかにしている。これは工学上実用化 に向けた重要な成果である。
第6章 では,解 明 した応力の発生メカニズムと提案 した予測式およびデバイス特性の応力依存感度に
基づき,機 械的信頼性を保証する高信頼三次元実装構造の設計指針 を提案 している。これは実用上極め
て重要な成果である。
第7章 は結論である。
以上要す るに本論文は,次世代三次元実装システム内LSIチップの局所残留応力を最小にす る高信頼
構造設計指針の確立について述べた もので,ナ ノメカニクスおよび実装工学の発展に寄与するところが
少な くない。
よって,本 論文は博士(工学)の学位論文として合格 と認める。
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